The human hypoxanthine phosphoribosyltransferase (HPRT) gene has been characterized by molecular cloning, mapping, and DNA sequencing techniques. The entire gene, which is about 44 kilobases in length, is composed of nine exon elements. The positions of the introns within the coding sequence are identical to those of the previously-characterized mouse HPRT gene, although there are significant differences between intron sizes for the two genes. HPRT minigenes have been used in a transient expression assay involving microinjection into HPRT-cells to demonstrate functional promoter activity within a 234-base-pair region upstream from the ATG codon. The promoter of this gene resembles those of other recently characterized "housekeeping" genes in that it lacks CAAT-and TATA-like sequences, but contains several copies of the sequence GGGCGG. Both RNase protection and primer extension analysis indicate that human HPRT mRNA is heterogeneous at the 5' terminus, with transcription initiation occurring at sites located =104 to -169 base pairs upstream from the ATG codon. Comparison of the mouse and human HPRT 5'-flanking sequences indicates that there are only limited stretches of conserved sequence, although there are other shared features, such as an extremely high density of potential methylation sites, that may have functional significance.
Hypoxanthine-guanine phosphoribosyltransferase (HPRT; IMP:pyrophosphate phosphoribosyltransferase, EC 2.4.2.8) catalyzes the conversion of hypoxanthine and guanine to their respective 5'-mononucleotides and plays a crucial role in the metabolic salvage of purines in mammalian cells. Partial deficiency of the enzyme in human males causes gouty arthritis, whereas total deficiency leads to a severe neurological disorder, the Lesch-Nyhan syndrome (28) . The functional HPRT gene, which is constitutively expressed, has been mapped to the X chromosome in both rodents (20) and humans (3) . The HPRT locus has been a primary focus of studies on mutational mechanisms because of the ability to select for and against gene expression in cultured animal cells (32) and because of the predicted high level of new mutations at this locus in humans (24) .
Earlier studies of spontaneous and induced HPRT mutants were restricted to genetic analyses and biochemical characterization of the protein (reviewed in references 9 and 12). Sequencing of altered peptides from mutant HPRT proteins of several patients with gout or Lesch-Nyhan syndrome has led to the identification of single amino acid changes leading to altered enzymatic activity (53) . However, this approach is limited to the study of mutants that produce significant amounts of enzymatically active or immunologically crossreactive proteins. Examination of mutational alteration at the nucleic acid level is not subject to these limitations; the use of cloned DNA sequences complementary to rodent and human HPRT mRNAs as probes in Southern hybridization experiments has allowed preliminary analysis of a diverse collection of mutations at this locus, including deletions and a partial internal duplication (57) . Interpretation of these experiments relied upon the ability to discriminate fragments comprising the functional gene from cross-hybridizing autosomal sequences. Determination of the overall genomic * Corresponding author. organization of the human HPRT gene by hybridization of cDNA probes representing three different regions of the mRNA to X-derived fragments in Southern blot experiments (43) was also helpful in delineating the approximate positions of major alterations.
In this report, we describe the isolation and detailed characterization of cloned sequences representing the human HPRT gene. By restriction site mapping and direct sequencing of exon-intron boundaries, this gene was shown to be composed of nine exon elements dispersed over approximately 44 kilobases (kb) . Structural comparisons between the human HPRT gene and the previously characterized mouse HPRT gene are presented. Among the interesting features of the HPRT genes is the lack of conventional promoter elements in the 5'-flanking sequences. We have localized functional promoter activity to sequences within 234 base pairs (bp) of the initiator methionine codon for the human gene by fusing 5'-flanking genomic sequences with a human HPRT cDNA to generate active minigenes. The data presented here will enable fine structure comparative analyses of mutant HPRT genes and will also be valuable in the study of the control of HPRT expression associated with X-chromosome inactivation.
Screening of genomic libraries. Genomic Charon 4A libraries of human DNA partially digested with HaeIII and AluI (30) or EcoRI (21) were kindly provided by Tom Maniatis (Harvard University). A third library constructed in Charon 4A, with DNA from a 49,XXXXY cell line (GM1202) partially digested with EcoRI, was generously supplied by Brian Crawford (Los Alamos National Laboratories). Phage were plated on bacterial lawns of DPSOSUPF, and those with homology to HPRT cDNA were identified by the plaque hybridization procedure of Benton arid Davis (4) . Labeled probes were prepared by nick translation (33) with [a-32P]dCTP to a specific activity of 1 x 108 to 3 x 108 cpm/,ug. cDNA probes used for screening genomic libraries were separated from vector DNA by digestion with appropriate restriction enzymes and electrophoresis in low-melting-point agarose gels followed by extraction of the DNA (33 6. anol, 1 mM each of dATP, dGTP, dCTP, and TTP, 25 U of RNasin, and 100 U of reverse transcriptase at 46°C for 1 h. After phenol extraction and ethanol precipitation, the products were analyzed by electrophoresis in 5% acrylamide-7 M urea gels.
Construction of HPRT minigenes. A previously constructed expression plasmid, pHPT44, which had 5'-flanking sequences of the mouse HPRT gene ligated to human HPRT cDNA followed by a polyadenylation signal from the hamster gene, was modified and used in the construction of HPRT minigenes (38) . Plasmid DNA from pHPT44 was digested with EcoRI and XmaIII to allow separation and removal of a 1-kb fragment, containing 850 bp of 5'-flanking sequence and 113 bp of the first exon of the mouse gene as well as 75 bp of the first exon from the human cDNA, from the remainder of the plasmid. The 1.8-kb EcoRI-BamHI fragment from the 5' genomic subclone pA4X8-RB1.8 was partially digested with XmaIII, and a 1.7-kb fragment that contained part of the first exon and -1.6 kb of 5'-flanking sequences was isolated. This was ligated to the 3.9-kb EcoRI-XmaIII fragment of pHPT44 to generate the expression plasmid designated pHPT36.
To obtain derivatives of pHPT36 that had various lengths of 5'-flanking sequence, pHPT36 DNA was linearized at the unique SmaI site located approximately 930 bp upstream from the ATG codon. The DNA wqs then digested for times ranging from 2 to 10 min with the Bal 31 exonuclease, treated with the large fragment of DNA polymerase I to generate blunt ends, and ligated to phosphorylated EcoRI linkers (33) . After digestion with EcoRI, excess linkers and fragments from the region between the SmaI site and the EcoRI site in pHPT36 (.800 bp) were removed by electrophoresis in a low-melting-point agarose gel. The deleted derivatives (s4.75 kb) were isolated, recircularized by ligation, and used to transform E. coli RR1 cells.
Microinjection assay for HPRT expression. Approximately 250 copies of the minigene pHPT36 and a deleted deriVative, pHPT36-D2, were microinjected into the nuclei of 100 HPRT-hamster cells (RJK88) (22) lated from the cloned insert and examined for X linkage by hybridization to genomic DNA from cells containing one or four X chromosomes or to DNA from a hamster-human hybrid cell line carrying a single human X chromosome. These studies indicated that 2 of 8, 2 of 7, and 8 of 8 phage clones isolated from the HaeIII-AluI, EcoRI (normal), and EcoRI (four X chromosomes) libraries, respectively, represented parts of the functional X-linked gene. Restriction mapping data compiled from representative overlapping clones encompassing the functional HPRT gene are summarized in Fig. i . Regions of the genomic phage clones that hybridized to the cDNA were subcloned into plasmids to enable fine structure mapping of these regions and identification of the individual exon elements on the basis of colinearity between regions of genomic DNA sequence and the published cDNA sequence (27) .
Structural analysis of the 5' end of the human HPRT gene. The 5'-most phage clone shown in Fig. 1 , HuX4X-8, was one of seven similar phage clones isolated from the library constructed from DNA of a 49,XXXXY cell line (GM1202). The size of the EcoRI fragment showing hybridization to a 5' cDNA probe in these clones was variable, ranging from 5.0 to 11.8 kb, apparently as a result of deletions or rearrangement or both. Only sequences downstream from the BamHI site appeared to be involved in these events, because the hybridizing EcoRI-BamHI fragment (1.8 kb) was identical in each of the clones. A 600-bp repeat-free MspI fragment located ="80 bp 3' to the BamHI site hybridized to 11-and 11.8-kb EcoRI fragments from GM1202 genomic DNA and HuX4X-8 DNA, respectively (data not shown). Other studies using repeat-free probes further 3' of the BamHI site allowed a rough delineation of the genomic sequences within HuX4X-8 that shoWed unambiguous overlap with the apparently authentic genomic insert in HuX3, the 5' boundary of which fell just short of the first exon. The 1.8-kb EcoRI-BamHI fragment from HuX4X-8 was subcloned into pUC8 (pX4X8-RB1.8), and restriction endonuclease sites were mapped to develop a sequencing strategy (Fig. 2) . The 3' boundary of the first exon was found by sequencing to lie -40 bp upstream from the BamHI site. The sequence of 430 bp upstream from the AUG codon is shown in Fig. 2 . A numbering scheme is used in which + 1 denotes the A of the AUG codon for the protein and upstream nucleotides in the genomic sequence are numbered with consecutive negative numbers. The 5' end of the HPRT cDNA isolated by Jolly et al. (27) corresponds to position -85 in this sequence. Sequences normally associated with eucaryotic promoters such as TATA and CAAT boxes could not be identified in the immediate 5' region. Instead, this region is highly G+C rich (91% in bases -170 to -235 in Fig.  2) . A 7-bp direct repeat that is underlined in Fig. 2 was also noted.
To define the 5' end of the mRNA, we used RNase protection and primer extension analysis. protection analysis, the 1.8-kb EcoRI-BamHI fragment from HuX4X-8 was cloned in the vector pSP64. In vitro-generated transcripts of 450 bp, which contained sequences complementary to the entire first exon of the HPRT mRNA, were hybridized to total RNA from HeLa cells and from lymphoblasts of a Lesch-Nyhan patient with a total HPRT gene deletion (RJK859) (57) . A number of protected fragments ranging in size from 134 to 186 bp, which corresponded to transcripts that initiated 107 to 161 bp from the AUG codon, were seen with RNA from HeLa cells (Fig. 3) . The absence of any protected fragments with RNA from RJK859 ruled out the possibility of artifactual protection of the riboprobe. In addition, since digestion of the hybrids with twofold lower or higher levels of RNase A and RNase T1 than was used in the experiment shown in Fig. 3 did not have a significant effect on the overall pattern observed (data not shown), the multiplicity of bands does not appear to be an artifactual result of the digestion conditions.
To confirm these results, the 5' end of the gene was mapped by primer extension analysis. A 32P-labeled oligonucleotide primer that was complementary to nucleotides -4 to -53 ( Fig. 2 ) was hybridized to 20 ,ug of polyadenylated RNA from the HeLa cells and extended with reverse transcriptase. The products of this reaction had lengths of 101 to 166 bp, corresponding to transcripts that initiated 104 to 169 bp from the AUG codon (Fig. 4) T, and C, known sequencing ladder used as size standards. The numbers on the left represent migration of HpaII fragments of pBR322 used as molecular weight markers. The numbers on the right represent calculated distances from the translation start site and thus correspond to the negative numbers used in the sequence shown in Fig. 2. were detectable when 40 ,ug of total RNA from HeLa cells was used due to the low abundance of HPRT mRNA. Thus, both the RNase protection and primer extension analyses gave similar results, indicating that there are multiple initiation sites for human HPRT mRNA which appear to be clustered in several regions. Although exact correlation between the start sites predicted from the two analyses could not be demonstrated, this may be due, at least in part, to inherent differences in the generation and electrophoretic behavior of the DNA or RNA products of the two methods. In addition, contributory effects of secondary structure in the 5' end of the mRNA, which could potentially affect the results from both types of analysis, cannot be completely ruled out.
Functional analysis of 5'-flanking sequences. For analysis of functional promoter activity in 5'-flanking sequences, minigenes were constructed (Fig. 5) and tested for expression. A previously constructed expression plasmid, pHPT44, that had the 5'-flanking sequence of the mouse gene ligated to the human cDNA and a polyadenylation signal from hamster HPRT cDNA was modified and used in this construction (38) . The 5'-flanking sequence and approximately half of the first exon in the human cDNA was removed from pHPT44, and 1.6 kb of human 5'-flanking sequence was inserted in its place via a common XmaIII site in the first exon of the human gene. This minigene, designated pHPT36, was introduced by Ca(PO4)2-mediated gene transfer (52) with a genomic EcoRI fragment was not possible. However, a 600-bp PstI-EcoRI fragment from the 3' end of this clone hybridized to a 8.3-kb fragment of EcoRI-digested genomic DNA; thus, the 5.8-kb EcoRI fragment in HuX3 was derived from this larger genomic fragment (data not shown). This 5.8-kb fragment was subcloned into pUC8, and a partial restriction map of the recombinant plasmid, pA3-R5.8, is shown in Fig. 6 . A BglII site in this subclone divided the fragment into 3-and 2.8-kb fragments, both of which hybridized to the cDNA. The 3-kb EcoRI-BglII fragment had two internal MspI sites, one of which generated a 280-bp MspIBglII fragment that hybridized to the cDNA. Determination of the nucleotide sequence of this small fragment by sequencing inward from the BglII and MspI sites enabled the identification of a 107-bp exon (II) with the 3' boundary located 13 bp upstream from the BglII site (Fig. 6) . The sequence data also allowed orientation of the EcoRI fragment cloned in pA3-R5.8. A 1.3-kb PstI fragment downstream from the BglII site in HuX3, which also hybridized to the cDNA, was further subcloned (pA3-P1.3) (data not shown). This 1.3-kb PstI fragment had a single XhoI site that allowed separation of a hybridizing fragment from a nonhybridizing fragment. Since the cDNA also contains a unique XhoI site, pX3-P1.3 was sequenced outward in both directions from this site; a 184-bp exon (III) was identified.
A region of genomic sequence between the third and 500 bp pX3-R5. deletion of the entire HPRT gene (22) that has been used successfully in previous gene transfer experiments (8) .
HPRT+ cells were produced at a frequency of -1.7 x 10-6 per ,ug of DNA, which, although relatively low, is at least 10-fold higher than the frequency obtained with cDNA constructs lacking the 5'-flanking region. Furthermore, upon microinjection into HPRT-hamster cells, this minigene effectively promoted the incorporation of [3H]hypoxanthine into nucleic acids (Fig. 5) ; constructs lacking a functional promoter gave little or no incorporation by this autoradiographic analysis (data not shown). Thus, this minigene appeared to have sufficient sequence to allow production of functional HPRT protein.
To further localize the promoter activity, deleted derivatives of pHPT36 containing different lengths of the 5'-flanking sequence were constructed and tested for expression in HPRT-hamster cells by the microinjection assay. A deletion mutant pHPT36-D2, containing 234 bp upstream from the ATG codon, functioned efficiently in this assay, whereas plasmid pHPT36-D6, containing 49 bp upstream from the ATG codon, was inactive (data not shown). Thus the G+C-rich region between the two endpoints contains the functional HPRT promoter, although further analysis will be required to pinpoint the element more precisely. Determination of intron-exon boundaries. A 5.8-kb EcoRI fragment that hybridized to HPRT cDNA was identified in HuX3, which overlapped the phage clone containing exon 1. Because the 3 Southern analysis of genomic DNA with probes from HuX3 and HuX14 to determine the size of the third intron. Genomic DNA was digested with PvuII (lanes 1), PvuII-EcoRI (lanes 2), BglI-PvuII (lanes 3), BgIl (lanes 4), Bgll-EcoRI (lanes 5), and EcoRI (lanes 6), and Southern blots of these were probed with a 600-bp PstI-EcoRI fragment from the 3' end of the insert in HuX3 (A). After autoradiography, the hybridized probe was removed from the blot as described in Materials and Methods, and the blot was probed with a 310-bp EcoRI-BamHI fragment from the 5' end of the insert in HuX14 (B).
fourth exons was not present in any of the lambda recombinants isolated. The failure to isolate these sequences from three different genomic libraries is puzzling, although such anomalies have been reported in attempts to isolate other genes (20, 21, 34, 48, 51, 55) and have been attributed to the instability of certain sequences in the bacterial host used or underrepresentation in amplified libraries. The length of the third intron was estimated from Southern analysis of genomic DNA with probes from HuX3 and HuX14 (Fig. 7) and from the data shown in Fig. 1 . A 600-bp PstI-EcoRI fragment from the 3' end of HuX3 and a 320-bp EcoRIBamHI fragment from the 5' end of HuX14 both hybridized to a 17-kb genomic PvuII-BglI fragment (Fig. 7) . From the size of the genomic PvuII-EcoRI fragment (5.3 kb) that hybridized to the probe from HuX3 and the genomic EcoRIBglI fragment (5.4 kb) that hybridized to the probe from HuX14, it can be deduced that sequences spanning 8.3 kb between the third and fourth exons are not represented in any of the isolated recombinants.
A 4.9-kb HindIII fragment in HuX14 corresponded to a fragment in genomic DNA that hybridized to a probe from the middle of the cDNA. This fragment was subcloned (pX14-H4.9), and its restriction map is shown in Fig. 6 . An internal HincIlI site that split a 500-bp XmnI-BamHI fragment into a hybridizing and a nonhybridizing fragment was examined for correspondence to the single HincIl site in the cDNA. Sequencing outward from this HinclI site in both directions led to the identification of exon IV with a size of 66 bp.
The fifth exon was localized in the phage clone HuX14 by hybridization of an 18-nucleotide oligomer of human cDNA sequence corresponding to the fifth exon of the mouse gene. (204) a Nucleotide sequences of exon-intron boundaries were determined from the genomic subclones using the sequencing strategies shown in Fig. 2 and 6 . Exon sequences are in uppercase letters, whereas intron sequences are in lowercase letters. The number shown immediately below the nucleotide sequence refers to the nucleotide position at which the intron interrupts HPRT mRNA, with position + 1 in the numbering scheme being the A of the ATG codon used to initiate the protein. The identity and position of the amino acid in the protein sequence at which intron interruption occurs is indicated below the corresponding nucleotide positions.
b Intron where one of the boundaries was not determined.
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Hybridization was detected to a 3.7-kb BamHI fragment within HuX14. This fragment was subcloned (pX14-B3.7), and its restriction map is shown in Fig. 6 . The fifth exon was further localized to a 500-bp TaqI-Sau96I fragment within this subclone. Although the boundaries of this exon have not been sequenced, it is reasonable to assume that this exceptionally short sequence is contained in a single exon that corresponds to the analogous exon of the mouse gene. A 8.0-kb EcoRI fragment adjacent to the 10.5-kb EcoRI fragment in HuX14 that contained exon 4 had a single XbaI site that split it into two fragments, both of which hybridized to the cDNA. The larger 5.4-kb EcoRI-XbaI fragment from HuX14 was subcloned (pX14-RX5.4), and restriction mapping and Southern analysis indicated that the region with homology to cDNA was between the EcoRI and XmnI sites (Fig. 6 ). An Sau96I site within this EcoRI-XmnI fragment divided it asymmetrically into a 450-bp EcoRI-Sau96I fragment and a 270-bp Sau96I-XmnI fragment. When the latter fragment, which hybridized to the cDNA, was sequenced inward from both the Sau96I and XmnI sites, the 3' boundary of exon VI (83 bp), was found 20 bp from the XmnI site.
A 3.9-kb EcoRI fragment at the 5' end of the insert in HuX2, a phage clone that overlapped the 3' end of HuX14 and contained the 2.6-kb XbaI-EcoRI that hybridized to the cDNA was subcloned (pX2-R3.9) and mapped (Fig. 6) . A single Avall site in the insert in pX2-R3.9 was examined for correspondence to the single AvaIl site in the cDNA by sequencing outward from it in both directions; from these data exon VII with a size of 47 bp was identified. Furthermore, about 160 bp downstream from this exon, the eighth exon of the gene consisting of 77 bp was found.
The 3' boundary of the last exon, including the polyadenylation signal of the gene, was localized approximately 20 bp from the 3' EcoRI site in pX2-R3.9 by sequencing upstream from this EcoRI site. Three hybridizing RsaI fragments of 550, 460, and 310 bp were identified and examined by sequencing for the presence of the 5' boundary of the last exon. The 310-bp RsaI fragment was 5' end labeled and separated into a 260-bp fragment and a 50-bp fragment by digesting with HaeIII. Sequencing the 260-bp RsaI-HaeIII fragment led to the identification of the 5' boundary of exon 9.
Positions and sizes of the exon elements for the human HPRT gene are given in Fig. 1 . Sequences of the exon-intron boundaries are summarized in Table 1 (22) ; there are four such nonfunctional HPRT-like sequences in the human genome; two have been mapped to chromosome 11, one has been mapped to chromosome 3, and one has been mapped to the region between p13 and qll on chromosome 5 (43) .
The splice junctions at the boundaries of each exon sequenced conform closely to the consensus sequences compiled from other eucaryotic genes (41) . Although the corresponding introns in the human and mouse HPRT genes, unlike the exons, differ in their absolute lengths, the relative lengths are similar, with the first intron being the largest and the seventh intron being the shortest. The third and eighth introns show the most significant variation in size.
The information on the structure of the HPRT gene has been used to confirm the preliminary characterization of the molecular defects in Lesch-Nyhan patients whose Southern blot patterns were indicative of major gene alterations (57) . One of the patients (GM1662) appears to have a major rearrangement in the first intron and a partial duplication of the coding and possibly the intervening sequence of the second and third exons (57; D. Konecki, unpublished results). Although it is intriguing that the regions involved in this DNA rearrangement fall within areas where recovery of authentic cloned genomic sequences proved to be problematic, any possible relationship between these findings must remain speculative until more precise mapping is completed. The data on gene structure have also allowed localization of two previously observed polymorphic BamHI sites within the gene (42) to the first intron and to the 3'-flanking region of the gene.
Comparison of the 5'-flanking region of the mouse and human HPRT genes by a dot matrix analysis is shown in Fig.  8 . Although the mRNAs generated from the two genes are highly homologous (>90%), there is limited sequence conservation in the 5' regions. Further analysis of the promoters will indicate whether sequences that are conserved have functional significance. Both the human and mouse 5'-noncoding sequences are particularly rich in G and C bases. Approximately 80% of the 250 bp of sequence 5' to the initiation codon is constituted of G+C, in contrast to -46% in the main body and -32% in the 3'-untranslated region of the genes.
The immediate 5'-flanking sequences of most eucaryotic (19) , the hepatitis virus surface antigen gene (10) , the adenovirus IVa2 gene (31) , the human epidermal growth factor receptor gene (26) , and four other recently characterized eucaryotic housekeeping genes, the 3-hydroxy-3-methylglutaryl coenzyme A reductase (44, 45) , adenosine deaminase (50), dihydrofolate reductase (11, 15, 36, 56) , and phosphoglycerate kinase (47) genes.
The 5' termini of human HPRT mRNAs appear to be qUite heterogeneous, with little or no obvious preference for a particular initiation point; similar results have been published recently for mRNA encoding the human epidermal growth factor receptor protein (26) . The other housekeeping genes mentioned above also appear to produce mRNAs with 5' heterogeneity, although in general one or a few preferred sites of initiation were detected. The promoter regions of these genes, like the HPRT gene, contain several copies of the sequence 5'-CCGCCC-3' or its inverted complement 5'-GGGCGG-3'. These sequences are also found in several viral promoters, including that of the simian virus 40 early and late genes (25) and the herpesvirus thymidine kinase gene (37) . In the latter case, these sequences serve as flexible distal transcriptional signals in which the distance from the cap site, orientation, and number of copies can vary, although changes in each of these parameters do influence the magnitude of the distal signal effect. More detailed functional characterization of the promoters is needed to determine how these sequences influence gene expression. It is possible that they represent binding sites for promoterspecific transcription factors, since factors that allow discrimination between simian virus 40 promoters by RNA polymerase II have been described (17, 18) .
Methylation of cytosine residues has frequently been implicated in the control of gene expression and has been suggested to play a crucial role in the maintenance of X-chromosome inactivation. The strongest evidence for this is the ability of the potent methylation inhibitor 5-azacytidine to reactivate HPRT and other genes on an inactive X chromosome in somatic cell hybrids (40) . With cloned fragments from the 5' region of the human HPRT gene and methylation-sensitive restriction enzymes, the methylation patterns of active, inactive, and reactivated human HPRT genes have been examined (54, 58) . These studies have shown that there is hypomethylation of 5' clustered sites ill the active HPRT gene. In contrast, methylation of inactive HPRT alleles is nonuniform, and there is less extensive hypomethylation of the 5' cluster. It has therefore been suggested that the overall pattern of methylation plays a role in determining transcription. As shown in Fig. 8 , there are 46 and 35 CpG sequences within 400 bases upstream of the translation start sites of the human and mouse HPRT genes, respectively. The abundance and clustering of these CpG sequences, each of which is a potential substrate for methylating enzymes, illustrates the problems inherent in the feasibility and analysis of the studies mentioned above with cloned HPRT probes. Complete studies on the correlation of critical methylation at these sites with X inactivation will require direct examination of methylated cytosine residues from active and inactive X chromosomes with a technique such as genomic sequencing (14) .
Three other X-linked genes have been recently characterized, namely, the genes for factor VIII (23), factor IX (1), and phosphoglycerate kinase (47) . These genes and the HPRT gene appear to lack any shared distinguishing features, especially in the promoter region, which might explain their coordinate control as a result of X-chromosome inactivation. The promoters of the genes for factor VIII and IX, which appear to be tissue specific, differ from the phosphoglycerate kinase and HPRT promoters in having lower G+C content (30 to 40%) and very few potential mnethylation sites. Detailed examination of the methylation patterns of the factor VIII and IX genes fromn active and inactive X chromosomes will be required to determine the relevance of methylation to the inactivation of these genes. The information presented here will further enhance the HPRT system as a model for the study of spontaneous arid induced mutational mechanisms at the molecular level and for the evaluation of the mutagenic potential of various agents. The generation of genomic probes that are relatively free of repetitive sequences from the introns of the gene should be useful in identifying restriction fragment-length polymorphisms that could serve as additional haplotype markers for the locus and allow more detailed studies on methylation patterns and nuclease sensitivity in different regions of HPRT genes from active and inactive X chromosomes.
